beyond the visible edge of the plaque. This study focuses on the shape of 85-Gy isodose lines and on treatment margins for different eye plaque types and tumor sizes and shall help exchange knowledge for ocular brachytherapy.
Introduction
For treatment of small to medium-sized uveal melanomas (tumor thickness of up to 6 mm), brachytherapy with 106 Ru eye plaques is the most common treatment modality in Europe [1] . In experienced centers, the local tumor control rate reaches over 90% [2] . To prevent therapy failure, accurate treatment planning is necessary. In general, there is no widely accepted dose prescription protocol, only dose recommendations are given [3, 4] . In the Collaborative Ocular Melanoma Study (COMS) using 125 I eye plaques, a mandated minimum dose of 85 Gy was specified [3, 5] . Hence, for
The gross tumor volume (GTV) corresponds to the macroscopic tumor dimensions, which are defined by findings from sonography, ophthalmoscopy, and the tumor's transillumination shadow. For the definition of the clinical target volume (CTV), the sclera thickness is added in apical direction and a margin of 1-2 mm is added in all directions to the tumor base diameter [6] . There are several uncertainties which have to be considered, such as dosimetric uncertainties [7] , impreciseness of the determination of the tumor height [8] [9] [10] [11] , and positioning inaccuracies [12, 13] . For this reason, an additional radiation therapy treatment margin (or safety margin) has to be added to the defined CTV. For ocular brachytherapy, currently the only recommended margin is an overall basal margin of 2-3 mm. Following this recommendation, eye plaques with a diameter larger than the maximal tumor base dimension are chosen. There are no requirements for the size of the apex margin [14] . By simply adding a margin to the CTV, it is not exactly defined a priori where the 85-Gy isodose line is located. Among other things, it depends on the prescribed dose and the shape and the size of the chosen eye plaque. Until now, no visualization of the 3-D shape of treatment margins was published. Therefore, on the base of an eye model, we want to present treatment margins resulting from the dose prescriptions established at the University Hospital of Essen.
At the University Hospital of Essen, the prescribed dose to the tumor apex is at least 130 Gy. Additionally, a minimum dose of 700 Gy to the base is required (Fig. 1) . A restraint is given by a maximal sclera dose of 1,500 Gy [15] , which is taken into account for all considerations in this study. These dose prescriptions (ii) are expected to ensure sufficient treatment margins at the base and apex of the tumor for different tumor thicknesses and plaque sizes. It should be noted that the dose calculations are only executed along the central depth dose profile. The goal of this concept is to attain tumor control considering the mentioned uncertainties while simultaneously saving as much healthy tissue as possible, independent from tumor heights and plaque sizes.
The determination of 3-D dose distributions is a current field of research [16] [17] [18] [19] [20] [21] [22] [23] [24] . This study is based on Monte Carlo simulated dose distributions of 3 eye plaque types. Our aim is to raise awareness of the location of the 85-Gy isodose line with regard to the eye plaque type and the prescribed dose and discuss resulting treatment margins.
Materials and Methods

Eye Plaques
The manufacturer BEBIG offers a variety of eye plaques with the same basic design but different sizes and shapes [25] . The plaques are molded to form a calotte and consist of 3 layers: a convex silver backing with a thickness of 0.7 mm, a concave silver window with a thickness of 0.1 mm, and a 0.2-mm-thick silver target, which is electrochemically coated with the radioactive 106 Ru in contact with the silver window. All plaques have an inactive rim with a minimum width of 0.75 mm. At the rim, 2 or more eyelets are placed to suture the plaque to the sclera. The eye plaques considered in this study have a radius of curvature of 12 mm, but different diameters at the base of the calotte, namely 21.5 mm for the The radioactive isotope 106 Ru is a β emitter and decays into 106 Rh with a maximal energy of 39 keV and a half-life of 371.5 days. 106 Rh subsequently decays with a half-life of 30 s into 106 Pd emitting electrons with a maximal energy of 3.54 MeV, the therapeutically relevant radiation [27] .
The Geometrical Model of the Eye Containing the Tumor
All following considerations are based on an eye model with a diameter of 24 mm containing a dome-shaped tumor model, which is a common assumption for ocular tumors. The scleral thickness is variable, the mean thickness ranges between 0.40 mm at the equator and 0.86 mm at the posterior pole [11] . For reasons of simplicity, we assumed a thickness of the sclera of 1 mm. Hence, we defined the distance between the surface of the eye plaque and the tumor apex as the apical tumor height. So our definition of the apical tumor height is independent from the assumed thickness of the sclera. It is distinguished between 2 different medium-sized tumors: apical height at 5 mm and at 7 mm from the plaque surface (at 6 mm for the CCX) and the 3 mentioned eye plaque types (CCX, CCB, COB).
Simulations
The geometry of the different eye plaque types as well as the radioactive decay was implemented in Geant4 (version 10.2-p1) [28] . The framework Geant4 can be used to perform Monte Carlo simulations for radiation transport in tissue. The general setup and physics settings for this investigation are based on findings by Sommer et al. [24] . For the radioactive decay and the composition of the different components of the eye plaque, internal Geant4 databases were used. Simulations were performed with the eye plaque surrounded by a cubic water volume with an edge length of 10 cm. 
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The absorbed dose to water was scored in a cylinder, 1 mm in diameter and 0.5 mm in height, chosen correspondingly to the dimensions of the scintillating detector used by the dedicated dosimetry system of the TU Dortmund University [21, 22] . For each setup, 10 9 decays were generated, ensuring a statistical uncertainty of less than 1%. The results of the simulations were in good agreement with Eichmann [29] and measurements performed with our high-precision dosimetry system as well [21] [22] [23] .
Obtained dose distributions were superimposed with the described eye and tumor model.
Dose Prescription
This study focuses on the 85-Gy isodose line assuming this to be the minimum dose required in the target volume for tumor control. The investigated 85-Gy isodose lines arise out of the following prescription points and doses: (i) 85 Gy to the tumor apex, (ii) prescribed dose at Essen: (ii a) not less than 700 Gy to the tumor base and (ii b) 130 Gy to the tumor apex (Fig. 1) . The presented treatment margins result from the 2 dose prescriptions (i and ii) in regard to the 85-Gy isodose line. Figure 2 shows section planes of dose distributions of the CCX (Fig. 2a) , CCB (Fig. 2b) and COB (Fig. 2c, d ) plaque. The shape of the dose distributions strongly depends on the size of the eye plaque. For small eye plaques like CCX, the dose directly decreases from the active center towards the inactive rim (Fig. 2a) . For larger eye plaques like CCB, the isodose lines run parallel to the active surface before falling off near the inactive rim (Fig. 2b) . The COB eye plaque has an asymmetrical dose distribution, caused by the cutout for the optic nerve. The cross-sectional plane perpendicular to the cutout (Fig. 2c) looks similar to the dose distribution of the CCB plaque. The area enclosed by the isodose lines of the COB plaque is smaller than the one enclosed by the isodose lines of the CCB plaque caused by the smaller active surface of the COB compared to the CCB. In the cross-sectional plane through the cutout (Fig. 2d) , the asymmetrical shift of the isodose lines of the COB plaque becomes obvious.
Results and Discussion
In Figure 3 , treatment margins are illustrated for tumors with an apical height (distance between plaque surface and tumor apex) of 5 mm on the left side and 7 mm (6 mm for CCX) on the right side.
For target volumes with an apical height of 5 mm (Fig. 3, left side) , the prescribed dose of 700 Gy to the tumor base (cf. Fig. 1, prescription ii a) is sufficient to result in a dose larger than 130 Gy to the apex of the tumor (cf. Fig. 1, prescription ii b) . The prescription point is set at a distance of 0.5 mm from the surface of the eye plaque, taking the thickness of the sclera into account. In Figure   3 on the left side, the solid 85-Gy isodose line arising out of prescription (ii a) and the dashed one out of prescription (i) are shown. The area (dark grey) between these 2 isodose lines can be understood as the treatment margin for tumors with an apical height of 5 mm. For the symmetrically formed plaques (Fig. 3a, c) , a basal treatment margin is ensured, which is larger than the diameter of the eye plaques. For the CCX, the expansion of the treatment margin is clearly smaller (Fig. 3a) than the one for the CCB (Fig. 3c) due to the smaller active area. For the asymmetric COB plaque in the plane perpendicular to the cutout (Fig. 3e) , the basal treatment margin only extends to the visible edge of the plaque and does not go beyond as expected from the dose distributions in Figure 2 . In the plane through the cutout (Fig. 3g) , none of the 85-Gy isodose lines reach the optic nerve head, which should be taken into account for tumors touching the optic nerve head. The 700-Gy-to-base prescription dose leads to a decreasing margin at the apex for increasing tumor heights.
For target volumes with apical heights of 7 mm (6 mm for CCX; Figure 3 , right side), the prescribed dose of 700 Gy to the tumor base (ii a) is not sufficient to result in a dose larger than 130 Gy to the apex of the tumor (ii b). Thus, the tumor apex is chosen as the prescription point and is dosed with 130 Gy (ii b) to ensure a sufficient large margin in apical direction. In Figure 3 on the right side, the solid 85-Gy isodose line arising out of prescription (ii b) and the dashed one out of prescription (i) are shown. The area (dark grey) between these 2 isodose lines defines the treatment margin for tumors with apical heights of 7 mm (6 mm for CCX). A prescription of 130 Gy to the apex (ii b) ensures a margin of 0.8 mm in apical direction for all presented eye plaques. The basal treatment margins are clearly larger than the diameters of the eye plaques (Fig. 3, right side) . Because of the higher doses at the base of the tumor, now the 85-Gy isodose line of the COB plaque in the plane through the cutout (Fig. 3h) reaches the optic nerve head.
The dose prescriptions of the University Hospital of Essen ensure treatment margins to the base and apex to cover uncertainties of ocular brachytherapy. Tumors which are irradiated with the COB eye plaque may show a growth over the optic nerve. As shown in Figure 3g and h, for both dose prescriptions, the treatment margin does not cover the whole area above the optic nerve. In the case of a widely expanded tumor, it may be possible that not every part of the tumor receives the required tumor control dose of 85 Gy. Dose adjustments could be necessary. Also, irregular formed tumors can reduce the presented treatment margins.
The size of treatment margins is dependent on the assumed dose required for tumor control. We assumed a minimum dose required of 85 Gy, other centers assume 80 Gy [4] . Lower assumed control doses lead to a wider expanded treatment margin as long as the prescription from Essen is followed. For clinical purposes, it is important to take the very steep dose gradients from 106 Ru into account, which can be seen in Figure 2 . It should also be remembered that our concept of a "minimal dose to cure the tumor" of 85 Gy is not established for 106 Ru plaques but for 125 I plaques with much larger irradiated volumes and hence much larger treatment margins. Furthermore, there is no standard established concerning treatment margins in brachytherapy for eye tumors. If the same tumor would be irradiated by protons, most of the proton centers would add a margin of 2.5 mm [15] , which results in a larger irradiated volume compared to the models presented in this article.
Differences in the heterogeneous distribution of the emitter substance are not considered in this study and have to be taken into account for clinical treatment planning. Eye plaques can have hot and cold spots and deviate from an ideal distribution [20, 21] . Especially hot or cold spots in the peripheral areas close to the inactive rim can affect the shape of the dose distribution and the resulting treatment margins. Thus, especially if considering treatment of large tumors, it is important to have knowledge of the complete 3-D dose distribution of every individual eye plaque and pay attention to the maximal sclera dose of 1,500 Gy. For this purpose, surface dose distributions [21] in addition with Monte Carlo [20] simulations can be used to get 3-D dose information. In difficult cases, measurements of the complete irradiated volume can be necessary [22] .
Conclusion
The dose prescriptions of the University Hospital of Essen ensure sufficient treatment margins for the represented symmetrical eye plaques in the case of a regular dome-shaped tumor. For both eye plaque types, CCX and CCB, the treatment margin at the base of the tumor reaches beyond the visible edge of the eye plaques. This result is independent from the observed eye plaque and can save sufficient treatment margins, taking into account that the only recommendation which is given is a 2-to 3-mm basal margin. Following this recommendation, eye plaques with a diameter larger than the maximal tumor base dimension are chosen [14] . The prescription dose of 700 Gy to the tumor base ensures that in the case of a small to medium-sized tumor, a sufficient treatment margin at the tumor base is formed. In the case of large tumors with apical heights up to 7 mm from the eye plaque surface, the prescription dose of 130 Gy to the tumor apex ensures a treatment margin with an apical expansion of 0.8 mm in addition to the sonographically measured tumor thickness. All findings are based on the assumed tumor control dose of 85 Gy.
Further investigations are necessary to determine the exact dose required for tumor control and the influence of dose inhomogeneities on the resulting treatment margins of individual eye plaques.
This study shows that small tumors of up to 4 mm in tumor thickness can be treated very safely with 106 Ru plaques. A safe treatment of tumors with tumor thicknesses of up to 6 mm needs a very detailed knowledge of the dose distribution of the used eye plaque type.
